Formulating clinically relevant melanocyte cultivation media that maintain the balance between proliferation and maturation to functional melanocytes is a major experimental and regulatory challenge. Having established an application-directed BPE-free formulation, we then re-formulated a research-grade medium with BPE for purposes of even more effective in vitro cultivation, adjusted to specific requirements of HUMORS and normal human epidermal melanocytes (NHEM).
| BACKGROUND
Formulating clinically compliant melanocyte culture media that balance proliferation and maturation to functional melanocytes is a major experimental and regulatory challenge.
Reproducible pure human melanocyte cultures were first reported in 1982, followed by hair follicle melanocytes in 1995, using chemical mitogens and growth factors in the medium. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the emerging demand for cell therapies for skin regeneration and repigmentation requires conformity with medicinal product-grade melanocytes.
This means shifting away from the mitogens phorbol myristate acetate/12-tetradecanoylphorbol 13-acetate (PMA/TPA) [1, 2] and melanogenesis enhancers isobutylmethylxanthine (IBMX) or cholera toxin (CTX), incompatible with therapeutic applications due to their tumorigenic effect or strong interference with cellular signalling. [1] [2] [3] [4] [5] [12] [13] [14] [15] [16] [17] Essential ingredients for in vitro proliferation without such side effects, fetal bovine serum (FBS) or bovine pituitary extract (BPE) have effects analogous to human serum (HS) [18] [19] [20] but are unsuitable for therapeutic purposes due to potential prion transmission. [21, 22] As a step in the translation of human melanocytes cultivated from the outer root sheath of hair follicle (HUMORS), we developed a me- 
| EXPERIMENTAL DESIGN

| Cell culture
Media effects were tested in cultures of HUMORS and the NHEM control line at matched passages in two-dimensional (2D) polystyreneadherent culture [6, 23, 24] and three-dimensional (3D) culture in chemically cross-linked gelatin hydrogel cGEL [s1-s3] .
| Media formulation
The formulation strategy involved 1) replacement of BPE and FBS with HS as used in commercially available DermaLife M Melanocyte Medium (DLM), and 2) re-introduction of BPE and addition of human recombinant basic fibroblast growth factor (bFGF).
Initial support medium (BASAL) contained low-glucose DMEM, ascorbic acid, CaCl 2 , epinephrine, L-glutamine and insulin (Table S1 ).
BASAL was supplemented with HS, FBS and BPE.
Substitution of the FBS with HS resulted in the formulation named MEL (Table S1 ). MEL was supplemented with BPE in proliferation-supporting concentrations for HUMORS and NHEM, generating research-grade media MEL-HUMORS or MEL-NHEM, respectively (Table S1 ). These were additionally supplemented with bFGF.
| Characterization of medium effects
Proliferation was determined by WST-1 assay as reported (450 nm extinction. [18, 23, 24] , s4 ).
Expression of the melanocyte marker genes PAX3, MITF, TYR, PMEL, C-KIT and the stemness markers NANOG and POU5F1 was assessed by qRT-PCR, as reported. ( [24] , s4, s5
).
Morphology and protein expression of melanotic markers tyrosinase (Tyr) and gp100 (NKI-beteb) were monitored by immunofluorescence. [18, 23, 24] Melanin content was determined by extinction at 475 nm as reported. [18, 23, 24] 
| Statistical evaluation
The data originate from at least three experiments, each comprising three technical replicates, statistically evaluated using Student's t test.
| RESULTS
| Supplement effect on proliferation
Addition of HS to BASAL (5% HS in MEL) increased the HUMORS proliferation up to threefold, to double that of DLM ( Figure 1A ,C), with a similar but less pronounced effect on NHEM (36%, Figure 1B ,D).
BPE supplement to BASAL had no effect on proliferation of HUMORS but a mild positive effect on NHEM (27%, Figure 1A ,B). Coaddition of BPE and HS or FBS did increase proliferation. HUMORS proliferated threefold more intensively in 5-50 μg/mL BPE combined with 5%-10% HS. At high BPE levels (75 and 100 μg/mL), even the lower HS concentrations (1%-2.5%) increased the proliferation of HUMORS and moderately NHEM ( Figure S1A, B) . This MEL-HUMORS formulation increased HUMORS proliferation by 2.1-fold compared to DLM (3.4-fold compared to BASAL, Figure 1C ) in 2D culture and 2.5-fold in 3D culture ( Figure S2A ). MEL-NHEM increased NHEM proliferation slightly (36%, Figure 1D ). 
The melanin content observed in DLM and MEL-HUMORS was comparable ( Figure 2H ).
| CONCLUSION
The MEL medium successfully struck a balance between supporting proliferation and melanotic activity of HUMORS and NHEM in the absence of PMA/TPA, IBMX, FBS and BPE.
The MEL formulation with BPE and FBS replaced by HS efficiently supports melanocyte proliferation and marker expression and fulfils the major requirements for therapeutic applications.
Research-grade formulations MEL-HUMORS and MEL-NHEM
are suitable for melanocyte expansion and development of melanotic properties in vitro. Their performance clearly matches or exceeds that of the commercial FBS-containing media.
Remarkably, HUMORS increased their proliferation in response to BPE only in the presence of HS. The dependence on HS in this context is consistent with the reported dependence of bFGF, the main mitogenic factor in BPE, on HS components, presumably in synergy with cAMP stimulatory factors ( [25] , s6-s12 ). The complementary BPE-HS effect in our experiments suggests the same HS-related dependence, particularly at lower BPE and higher HS levels.
The proliferation inhibition by bFGF is consistent with reported biphasic and even inhibitory bFGF effects on melanocyte proliferation ( [8] [9] [10] 19 ,20], s13, s6 ), arguing against further bFGF addition to media containing high BPE.
The MEL and MEL-HUMORS formulations show that HS or BPE obviate the need for complex commercial growth factor cocktails in melanocyte media. Further replacement options with chemically defined substitutes remain to be explored. 
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